We and others have shown that epithelial Na ϩ channels (ENaC) in alveolar type 2 (AT2) cells are activated by ␤2 agonists, steroid hormones, elevated oxygen tension, and by dopamine. Although acetylcholine receptors (AChRs) have been previously described in the lung, there are few reports of whether cholinergic agonists alter sodium transport in the alveolar epithelium. Therefore, we investigated how cholinergic receptors regulate ENaC activity in primary cultures of rat AT2 cells using cell-attached patchclamp recordings to assess ENaC activity. We found that the muscarinic agonists, carbachol (CCh) and oxotremorine, activated ENaC in a dose-dependent manner but that nicotine did not. CCh-induced activation of ENaC was blocked by atropine. Western blotting and immunohistochemistry suggested that muscarinic M2 and M3 receptors (mAChRs) but not nicotinic receptors were present in AT2 cells. Endogenous RhoA and GTP-RhoA increased in response to CCh and the increase was reduced by pretreatment with atropine. We showed that Y-27632, an inhibitor of Rho-associated protein kinase (ROCK), abolished endogenous ENaC activity and inhibited the activation of ENaC by CCh. We also showed that ROCK signaling was necessary for ENaC stability in 2F3 cells, a model for AT2 cells. Our results showed that muscarinic agonists activated ENaC in rat AT2 cells through M2 and/or M3 mAChRs probably via a RhoA/ROCK signaling pathway.
cholinergic receptor; epithelial sodium channels; single channel recording; alveolar type 2 epithelial cell CHOLINERGIC RECEPTORS (AChR) are present in lung tissue. Muscarinic M1 and M3 receptors are present in bronchial epithelial cells (23) , and M2 and M3 receptors in bronchial smooth muscle are therapeutic targets in certain respiratory diseases like chronic obstructive pulmonary disease (COPD) and asthma (10) because their activation can lead to bronchoconstriction (9, 24) . Nicotinic receptors are present throughout the airways (23) , and recently nicotinic receptors in macrophages have been implicated in anti-inflammatory responses that result in better survival in some experimental models of sepsis (1, 27) .
Other neurotransmitters including dopamine and ␤2 agonists activate epithelial Na ϩ channels (ENaC) in alveolar type 2 (AT2) cells (7, 11, 12) . Although there have been some reports that acetylcholine alters sodium transport in some epithelial cells, description of the effects in alveolar epithelial cells is limited (32) . However, we felt that our single channel and biochemical approaches could provide evidence for or against cholinergic regulation of ENaC in alveolar epithelial cells.
We report here that muscarinic agonists activated ENaC through mAChR M2 and/or M3 and that it was likely mediated by Rho-GTPase and Rho-associated protein kinase (ROCK) signaling downstream of the muscarinic receptors.
MATERIALS AND METHODS
Chemicals. Carbachol or carbamylcholine chloride, oxotremorine, atropine, and Y-27632 were purchased from Sigma-Aldrich (St. Louis, MO). Mouse anti-RhoA and anti-AChR␣(D6), rabbit antimAChR M2, and anti-mAChR M3, were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The lamellar body marker, lysotracker red, was purchased from Invitrogen (Grand Island, NY).
Cell culture. AT2 cells were isolated by enzymatic digestion of lung tissue from adult Sprague-Dawley rats (200 -250 g) and then placed in primary cultures using published techniques (14) . All procedures involving animals were reviewed and approved by our Institutional Animal Care and Use Committee. Briefly, the rats were anesthetized with pentobarbital and heparinized (100 mg/kg). Resected rat lung was digested by tracheal instillation of elastase (0.4 mg/ml). Lung cell purification was based on differential adherence of cells to dishes coated with rat IgG. Nonadherent AT2 cells in the supernatant were collected, centrifuged, and seeded onto permeable supports in a highly enriched medium (3 parts Coon's modification of Ham's F-12 and 7 parts Liebovitz's L-15 with 1 M dexamethasone). Cells were grown on a specialized culture support (14) , which is optimized for patch-clamp recording and allows the cells to grow on a permeable support (Millipore CM) while they are submerged in medium. After 18 h the cells had attached to the culture surface and medium was drained from the apical surface. Cells were allowed to grow with medium on the basolateral surface and air on the apical side in 95% air and 5% CO 2. With this method, we have been able to obtain an AT2 cell population with 95% viability, 95% purity, and less than 5% of contamination with macrophages and fibroblasts (4, 14) . Cells were used for patch-clamp experiments during the first 24 -72 h in culture while they maintain an AT2 cell phenotype as we have previously reported (14) .
Tracheal instillation of saline and radiographic assessment of lung fluid clearance. Tracheal instillations were performed as previously described (5) . Briefly, mice were anesthetized with intraperitoneal (IP) injection of 15 mg/kg xylazine (Anased 100 mg/ml; Lloyd Laboratories, Shenandoah, IA) and 125 mg/kg ketamine (ketamine hydrochloride injection USP 50 mg/ml; Bioniche Pharma Lake Forest, IL) prepared in PBS (pH 7.4; Invitrogen, Grand Island, NY) for a final IP injection volume of 250 l/20 g mouse. The instillate vehicle for all experiments consisted of 140 mM NaCl, 5 mM KCl, 1 mM CaCl2, and 10 mM HEPES with pH ϭ 7.4, hereafter referred to as control saline. Tracheal instillation volumes of 5 l/g body wt (100 l; final volume in 20 g C57Bl/6J mice) were delivered using a 26-gauge, 5/8-inch needle, and 1-ml syringe. IP injections of 20 M ␤-agonists occurred immediately before tracheal instillation of saline, and all animals were immediately assayed for lung fluid clearance using X-ray imaging.
X-ray imaging. Immediately after a mouse received a tracheal instillation, lung fluid clearance was assessed using radiographic imaging as previously described (5) . Briefly, animals were placed in a Kodak In-Vivo Multispectral Imaging System (Carestream Health, Rochester, NY) connected to a rodent nose cone with continuous anesthesia (1.5 l/min isoflurane) and supplemental oxygen (100%). Animals were X-ray imaged at 5-min intervals up to 240 min with an acquisition period of 120 s. X-ray settings were as follows: 2X2 binding, 180-mm field of view, 149-A X-ray current, 35 kVp, and 0.4-mm aluminum filter. X-ray density was quantified using Carestream Health MI software with a 5-mm 2 region of interest (ROI). In all whole animal studies, the ROI was the left upper lobe of the lung as described in Ref. 5 .
A model for in vivo fluid clearance. To describe the change in lung fluid balance in response to a saline challenge after administration of agents which might alter fluid reabsorption from or fluid secretion into the airways we developed a simple model in which the rate of change in lung surface fluid consisted of three components. Fluid absorption depended upon the amount of fluid on the surface of the airways and the rate of absorption; fluid secretion is defined by a single rate constant; and the overall change in fluid absorption also depends upon the rate of clearance of drug with a single time constant. The rate of change of surface fluid is given in Eq. 1
where ks is the rate of secretion, ka is the rate of reabsorption, and F is the volume of airway lung fluid. Conductance with no potential applied to the pipette was 5.5 pS consistent with a highly Na ϩ -sensitive cation (HSC) channel similar to ENaC measured in many other cells. C: distribution of single-channel conductances before and after carbachol. AT2 cells are known to have a distribution of conductances with one peak value near 6 pS and a second at higher conductances (ϳ22 pS). However, after carbachol all of the conductances are clustered near the lower values. Japan). The resistances of the pipettes were between 14 and 19 M⍀ for AT2 cell and between 7 and 10 M⍀ for 2F3 cells when filled with and immersed in patch solution containing (in mM) 140 NaCl, 5 KCl, 1 CaCl 2, 1 MgCl2, and 10 HEPES for AT2 cells, and 96 NaCl, 3.4 KCl, 0.81 CaCl2, 0.8 MgCl2, and 10 HEPES for 2F3 cells with pH adjusted to 7.4 with NaOH. Pipettes were back-filled with patch solution. After formation of a high-resistance seal of about 5-10 G⍀, the channel currents were recorded at 1 kHz with an Axopatch 1-D amplifier (Molecular Devices) with a low-pass 100-Hz Bessel filter. The channel activity NPo was calculated from pClampfit 10.1 data analysis software (Molecular Devices).
Western blot analysis. Rat lung tissue was quickly homogenized on ice in RIPA lysis buffer (150 mM NaCl, 10 mM NaPO 4, 0.1% SDS, 1% NP-40, 0.25% deoxycholate) containing protease inhibitors (antipain, leupeptin, TLCK/TPCK, and PMSF) and centrifuged at 12,000 rpm for 15 min at 4°C. Protein amounts in the supernatant were determined (Bio-Rad) after which sample buffer (glycerol, SDS, and DTT) was added to the supernatant and the lysate boiled at 95°C for 10 min. Proteins were separated by SDS-PAGE (10% gels) and subsequently transferred to nitrocellulose membrane. Western blot analysis was performed by blocking the nitrocellulose in 5% milk and then probing with each primary antibody [anti-mAChR M2, M3, and anti-AChR␣(D6)] at 1:1,000 dilution overnight. The secondary antibody goat (anti-rabbit IgG, anti-mouse IgG and anti-mouse-IgM) coupled to alkaline phosphatase (Kirkegaard and Perry Laboratories) was used at 1:5,000 dilution. Blots were developed using CDP-Star (Applied Biosystems, Foster City, CA).
Immunohistochemistry. For immunohistochemistry, AT2 cells were purified as described above, fixed with 4% paraformaldehyde, and permeabilized with 0.1% Triton X-100. Primary antibodies [antimAChR M2, M3, anti-ACh␣(D6), anti-surfactant protein A (SP-A), and anti-RhoA antibodies] were used at 1:50 dilutions. The secondary antibody conjugated with Alexa Fluor 488 for rabbit IgG or 548 for murine IgG from Santa Cruz Biotechnology (Santa Cruz, CA) was applied and incubated at dilution of 1:1,000. The nuclei of AT2 cells were stained using Vectashield with DAPI (Vector Laboratories). Cells were mounted onto glass and imaged using a confocal laser scanning microscope (FLUOVIEWFV1000, Olympus).
RhoA activation assay. RhoA activation was assayed by measuring GTP-association with RhoA. Activation was determined with the G-LISA RhoA Activation Assay Biochem Kit, luminescence Based (Cytoskeleton). After purification, AT2 cells were aliquoted into groups and treated with protocols consistent with the patch-clamp experiments. Samples were then lysed with protease inhibitors and a protein assay was performed. GTP-loaded RhoA was measured as fluorescence according to the manufacturer's instruction with an ELISA-based method. Specifically, the relative fluorescence was given as
where R is the relative fluorescence, F is the measured fluorescence of treated cells, F 0 is the minimum or background fluorescence, and Fmax is the fluorescence of maximally activated RhoA. Data analysis. Data presented in this paper are usually means Ϯ SE except when explicitly stated as otherwise. Differences between groups were evaluated with one-way ANOVA, and differences of properties of the same cell at different membrane potentials were tested by paired t-test. Parameter estimation from curve fitting was done with Sigmaplot and Sigmastat (San Rafael, CA).
RESULTS

Muscarinic agonists increase ENaC NPo in rat AT2 cells.
AChRs are categorized into two subgroups: muscarinic acetylcholine receptors (mAChRs) and nicotinic acetylcholine receptors. There are generic agonists and specific agonists for each class of receptors. Carbachol (CCh) activates both classes while oxotremorine (OXO)and nicotine (NICO) activate muscarinic and nicotinic receptors, respectively. Atropine (ATR) is a muscarinic antagonist. We performed cell-attached patch clamp and found that ENaC was activated within 1 min after we applied CCh (Fig. 1A) . The current-voltage relationship showed that the channel was a 5-pS channel that reversed at positive potentials (Fig. 1B) . These characteristics were consistent with the characteristics of epithelial sodium channels (ENaC) described by us and others in a variety of tissues including lung (3, 5, 12-14, 19, 22) . However, in previous work, we showed that AT2 cells contained two types of amiloride-sensitive cation channels. Therefore, we examined the different types of channels in untreated and carbacholtreated cells. As expected based on our previous observations (11) (12) (13) (14) , we observed two categories of channels; however, after carbachol treatment all of the channels we observed fell in the lower range of conductances reenforcing the idea that carbachol induces 5-to 6-pS ENaC (Fig. 1C) . Carbachol activates both nicotinic and muscarinic cholinergic receptors, but a muscarinic agonist, oxotremorine, also activates ENaC (Fig. 2) . Both carbachol and oxotremorine activate ENaC in a dose-dependent manner: carbachol with a K 0.5 of 18 M (Fig. 3A) and oxotremorine with a K 0.5 of 11 M (Fig. 3B) . On the other hand, even 100 M NICO did not increase ENaC NPo (Fig. 4) , implying that AT2 cells contained mAChRs but not nicotinic receptors and that the mAChRs could activate ENaC in rat AT2 cells.
Atropine inhibited carbachol-induced activation of ENaC. To make sure that the muscarinic agonists activated ENaC through muscarinic cholinergic receptors in AT2 cells, we incubated AT2 cells with ATR (100 M) for 5 min before forming a patch and applying CCh (100 M). Pretreatment with ATR prevented any significant CCh-induced increase in ENaC NPo [after pretreatment with ATR, CCh only increased NPo to 0.099 Ϯ 0.010, n ϭ 6 (P Ͻ 0.01), significantly less than in the absence of ATR (NPo 0.372 Ϯ 0.037, n ϭ 10)] (Fig. 5) . In other words, ATR inhibited more than 85% of the CChinduced increase in ENaC NPo (Fig. 6, A and B) .
IP injection of carbachol promotes lung fluid clearance. We assessed the effect of stimulation with the cholinergic agonist, carbachol, on lung fluid clearance using X-ray fluoroscopy of anesthetized mice, which enabled quantification of airspace fluid content in C57Bl/6J mouse lung following a tracheal instillation of saline (5). In Fig. 7 we injected intraperitoneally several different concentrations of carbachol (or carbachol plus atropine) immediately before tracheally instilling 5 l/g body wt (ϳ100 l) instillate. Freely breathing, anesthetized animals were X-ray imaged every 5 min for up to 4 h (5-min exposure times) to compare the rate of alveolar fluid clearance against uninjected (control) groups of mice that also received a saline challenge. Figure 7 shows that IP injections of carbachol increased the rate of alveolar fluid clearance compared with uninjected mice all receiving a 100-l tracheal instillation of saline. In Fig. 7 , we fit the data to a simple model described in MATERIALS AND METHODS to give us the peak value for lung fluid and the rate of fluid absorption for different concentrations of carbachol or carbachol plus atropine. The peak value for the change in relative fluid amount and the rate of absorption, secretion, and drug elimination derived from the model are given in Table 1 . The peak value is a measure of the maximal effect of carbachol. Comparison of the peak values and their standard deviations show that the maximal effect of each dose of carbachol is statistically different from control and from every other dose (P Ͻ 0.05). The effect of 500 nM atropine reduces the peak level to a value of lung fluid that is statistically less than the level of 500 nM carbachol alone (P Ͻ 0.001).
The effect of atropine on single ENaC (Figs. 5 and 6) appears to be greater than the effect of atropine on carbacholinduced fluid accumulation. Of course, the experiments are fundamentally different and therefore it is difficult to compare the doses of carbachol and atropine. However, we suggest that There is no significant effect of nicotine.
the dose of carbachol we attempted to reverse with atropine in the in vivo experiments was very high, but the amount in the patch-clamp experiments was lower relative to complete block. Since atropine is a competitive inhibitor, we would not expect it to be as effective against a high concentration of carbachol as against a relatively lower concentration. The competitive nature of atropine can actually be seen in Figs. 5 and 6 . In previous work, we have shown that instillation of 1 mM amiloride (reconstituted in saline) immediately following IP injection of agents that increase fluid reabsorption blocks the action of these agents. Therefore, we concluded that the parenteral route (IP injection of carbachol) was more successful than a local delivery in promoting lung fluid clearance in mice following a saline challenge.
AT2 cells have muscarinic M2 and M3 receptors. Western blotting of lung lysate detected mAChRs M2 and M3 but not nicotinic receptor, AChR␣(D6) (Fig. 8) (Fig. 8A) . When we used immunohistochemistry to detect the receptors in the AT2 cells, we found positive immunofluorescence for mAChR M2 and M3 cells compared with negative results when only secondary antibody was used (Fig. 8, bottom left and right) . We found no detectable AChR␣ (data not shown). Since muscarinic receptor signaling is often linked through the small G protein, RhoA, we also used immunohistochemistry to localize RhoA. Immunofluorescence for RhoA was positive in AT2 cells where Lysotracker red, a biological marker of AT2 cells, was also positive (Fig. 9) , indicating there was endogenous RhoA in AT2 cells.
Cholinergic agonists activate RhoA. Others have shown that muscarinic agonists can activate the small G protein, RhoA (15, 25) , and that RhoA activation can increase ENaC activity (20, 21, 26) . To determine whether muscarinic cholinergic agonists activated RhoA in AT2 cells, we used a commercially available ELISA assay for RhoA activation. Groups of AT2 cells were either treated with CCh (100 M), pretreated with ATR (100 M) for 5 min before applying CCh, or left untreated. After 5 min all the groups of cells were lysed with the lysis buffer of the assay kit. Figure 10 shows that carbachol significantly increases RhoA activity above that of untreated cells. Atropine completely blocked the effect of carbachol and, in fact, reduced RhoA activity below that of untreated cells implying that there is a low level of baseline activity in the absence of a muscarinic antagonist.
The (Fig. 11, A and B) . Although we could not find any openings characteristic of ENaC after the preincubation of AT2 cells with Y-27632, there still remained 20-to 25-pS channels whose properties were unlike ENaC and appeared to be a nonselective cation channel. Since we observed no ENaC openings after the preincubation with Y-27632 in AT2 cells, we also applied Y-27632 acutely to the AT2 cell model, 2F3 cells, to determine if the inhibitor would also decrease ENaC activity. Y-27632 gradually reduced ENaC activity over a 25-min period after application. Addition of forskolin (10 M), which normally strongly activates ENaC (3, 5, 6, 17, 18) , failed to increase channel activity. Thus RhoA appeared to be an essential factor for ENaC activity.
DISCUSSION
Regulation of ion transport and mucus secretion in the airway mediated by autonomic activity has been previously reported; excitation of parasympathetic nerves increases mucus secretion from goblet cells (30) and also induces fluid secretion through epithelial cells in the central airway apparently by generating a transepithelial potential difference (29) . Cholinergic antagonists like atropine are, therefore, commonly prescribed to relieve symptoms of excess secretion/sputum production, prior to endoscopy, or as palliative care for terminally ill patients with lungs flooded with sputum. However, there are few reports of the effects of the direct action of cholinergic agonists on sodium transport in the alveoli. However, Woods et al. (32) have reported that instillation of acetylcholine produced lung liquid reabsorption in fetal pig lungs that was blocked by atropine, suggesting neural control of lung liquid reabsorption in alveoli, a result consistent with our results in vitro.
In our work, we chose three agonists, carbachol, nicotine, or oxotremorine, to electrophysiologically characterize the cholinergic receptors in AT2 cells. We found that muscarinic but not nicotinic agonists activate ENaC. We also observed muscarinic but not nicotinic receptors by Western blot and immunohistochemistry.
Nicotinic receptors have been previously reported in the airway (23) , in human and murine macrophages (27, 31) , and in human AT2 cells (27) , but there has been no report of nicotinic receptors in rat alveolar epithelial cells. In the present study, we were unable to detect nicotinic receptors by Western blots of rat lung lysate. This would be a relatively dramatic species difference, but we have no reason to conclude that nicotinic receptors were present in rat AT2 cells since Western blotting, immunohistochemistry, and patch-clamp electrophysiology were consistently negative.
Based on the effect of oxotremorine, it appears that muscarinic receptors can activate ENaC in AT2 cells. Based on immunohistochemistry, both M2 and M3 receptors seem to be present in the cells. Western blotting, on the other hand, Values are means Ϯ SE. The model provides values for the peak amount of lung fluid, the initial rate of fluid absorption, and the rate at which fluid levels return to normal (i.e., the rate of drug elimination). The maximal effect of any of the treatments (K) can be statistically compared to measure the effect of different doses of carbachol. *Concentration in 0.1 ml of saline injected intraperitoneally, †All of these values are significantly different from one another (P Ͻ 0.05). ‡Peak fluid volume for 500 nM atropine ϩ500 nM carbachol is significantly less than for 500 nM carbachol alone. suggests that the predominant receptor is M2. Nonetheless, we cannot rule out a contribution of both receptors leading to ENaC activation.
RhoA and subsequent components of its signaling cascade (RhoA kinase, 4-PIP-5-kinase, and PI-3-kinase) have been reported to increase ENaC activity in CHO cells through effects on the cytoskeleton and promoting ENaC trafficking to the plasma membrane (20, 21, 26) . In the present study, we were able to measure a significant increase in channel NPo but were unable to determine whether the change was due primarily to a change in N or Po. This is consistent with the observation that increases in inositol phospholipids increase both Po and N. However, it is also true that if the initial Po is relatively low, counting the number of channels per patch will be difficult because there would be a lower chance of all channels opening simultaneously. After an increase in Po, it may appear that there is an increase in N (since the chance of simultaneous opening increases). Nonetheless, the increase in N appeared larger than could be accounted for based on an increase in Po alone (17) .
Endogenous RhoA has been reported to increase basal activity of ENaC in CHO cells expressing exogenous ENaC (20) . Such a contribution also appears to be true for AT2 cells based on the results of our RhoA activation assay, immunohistochemistry, and patch-clamp studies of AT2 and 2F3 cells. We were unable to identify any difference in ENaC activity (NPo) between untreated AT2 cells and AT2 cells treated with atropine, implying little endogenous muscarinic activity, but again low basal levels of NPo could mask such an effect. That there might be some endogenous muscarinic receptor activation is suggested by the RhoA activation assay. Atropine by itself reduced endogenous RhoA activity below the activity of untreated cells while also completely inhibiting the increase by carbachol. This idea that there is basal RhoA (ROCK) activity that is necessary for basal ENaC activity seems also to be implied by the fact that the ROCK inhibitor, Y-27632, eliminated basal ENaC activity. Further activation of RhoA/ROCK by muscarinic agonists then further increases ENaC activity above basal levels. This mechanism is illustrated in Fig. 12 . Anticholinergic bronchodilators are often used to treat COPD and asthma. They are reported to reduce sputum production presumably through the inhibition of mucus secretion or water transport (28) . On the other hand, our study suggests that an alternative and possibly adverse effect is to increase fluid secretion into the alveolar space. But other factors may be important in these patients. Under a pathological condition like COPD where cholinergic regulation is dominant, there will be hypersecretion in the airway, but our results would suggest that additional reabsorption in the alveoli may partially compensate. Moreover, while some fraction of inhaled anticholinergic bronchodilator may reach the alveoli and affect alveolar sodium reabsorption, most of the agent is likely to stay in the airway and inhibit secretion. Thus it will be necessary to determine net fluid balance over the whole airway with the implication that final homeostasis may be determined by a coordinated response of secretion and absorption at different locations in the lung. This idea is reminiscent of the ␤2 agonists which activate ENaC in alveolar epithelial cells but promote secretion via CFTR in the airway (2, 8, 16) .
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